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Abstract 
To attenuate the channel fading effects, a spectrum sensing policy for coordinating a cooperative sensing is proposed by adding a 
Hopping Sequence (HS) module to the detectors based on a fuzzy logic system (FLS). A significant effect on the spectrum 
efficiency is the ability of a secondary user (SU) to utilize a frequency slot for transmission in an idle channel. Hence, the SU 
needs to sense the related spectrum in order to classify a licensed frequency band as occupied or vacant. To implement the HS 
module, two hopping methods are proposed- Random Hopping (RA-H) and Sequential Hopping (SE-H). An enhancement in 
detection probability over conventional cooperative sensing has been achieved. 
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1. Introduction 
The most concentration of the researchers over the globe is cognitive radio (CR). It is a novel technology aimed 
toward more efficiently utilizing the spectrum. The prevailing radio systems use inflexible spectrum allocation 
strategies, resulting in inefficient spectrum utilization. CR technology enables a secondary user (SU) with cognitive 
access ability to use the idle channel resources of the primary radio systems. This idle channel resource, can be used 
temporarily by the SU, ensuring an interference free and a smooth communication till the primary user (PU) appears 
again and resorts the rights in his allocated channel [1, 2]. Therefore, CR spectrum sensing is needed to identify such 
spectrum opportunities and to characterize the possible interference levels of the primary system and use only an 
unused portion of the spectrum. Therefore, these users should monitor the available spectrum bands, capture their 
information, and detect spectrum holes [3]. Spectrum sensing is either centralized or distributed. In centralized 
spectrum sensing, a sensing controller senses the target band, and also the data obtained is shared with alternative 
nodes within the system i.e. (cooperative sensing). The centralized spectrum sensing can diminish the intricacy of 
user terminals, since all the sensing functions are performed in the sensing controller. However, it suffers from 
location diversity i.e. (the detection of an unlicensed user might not be accomplished at the verge of the cell by the 
sensing controller). In distributed sensing, the unlicensed users achieve the sensing independently, and therefore the 
spectrum sensing results are often either used by individual CRs i.e. (non-cooperative sensing) or shared with other 
users (i.e. cooperative sensing) [4].  Non-cooperative sensing is used by an unlicensed user to detect the transmitted 
signal from a licensed user by using local measurements and local observations. It may result in reducing spectrum 
utilization because interference in other cognitive nodes is not considered. Nevertheless, these solutions don’t need 
frequent exchange of message between neighbors as in cooperative solutions. Therefore performance deterioration 
of non-cooperative approaches is generally substituted by the considerably low information exchange and thus, 
energy consumption [5]. 
To solve the hidden node problem in non-cooperative sensing, the cooperative spectrum sensing (CSS) can be used. 
Cooperative communication techniques with CRs hold the promise of promoting efficient spectrum sharing by using 
approaches such as collaborative signal processing, cooperative coding, relaying and forwarding. CSS provides 
diversity gain that improves the detection performance of an unlicensed user. Clearly, CSS is needed to combat the 
noise and channel uncertainties, and, thereby, the probability of miss-detection and false alarm can be decreased. 
Also, CSS reduces the sensing time while an improvement in the accuracy of sensing the spectrum is achieved 
additionally it is improving throughput. However, CSS results higher complexity and increased overhead [5-7]. 
Using Fuzzy Logic Control System in CR systems is challenging and it has been received a little chance of 
investigation so far [8]. Fuzzy logic (FL) is an appealing technique significantly just in case wherever target problem 
is difficult to model with conventional mathematical strategies however at the same time easier for people to realize. 
The rule based decision making, enables efficient inclusion of incomplete information. In addition, it provides 
saving in computational complexity [9]. Adaptive resource management by fuzzy reasoning has been studied on 
several varied issues related to dynamic spectrum sharing strategies and models and spectrum sensing [10-12] but 
relatively few works are found in the open literature for SU scheduling using fuzzy inference procedure. Hong-Sam 
T. et al in [13] proposed an approach based fuzzy to control the opportunistic spectrum access. Jaison Jacob et al in 
[14] proposed a fuzzy based fusion rule. They make a decision depends on neighboring nodes SNR, received 
energy, and other parameters. 
In this paper a cooperative method for simultaneously sensing the band is proposed. The proposed hopping sequence 
(HS) module is added to increase the probability of detection when the PU(s) and /or SUs are mobile. All SUs asked 
to detect the PU band in a sequential manner depending on a programmed sequence. Two types of hopping 
sequences are proposed to complete the sensing cycle- RA-H and SE-H. 
2. Design Considerations 
To improve the sensing performance of the system when PU(s) and/or SU(s) are mobile, a Hopping System (HS) 
module is proposed. The SU nodes arrange themselves in separate hopping groups and coordinate their action to 
cooperatively detect all the bands sequentially. This is done in an organized manner with the help of a specific 
hopping sequence as will be explained later (section 4.1 and 4.2). It is a unique proposal, not available elsewhere to 
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the best of the author’s knowledge. 
The SUs must be combined in groups called hopping groups. The number of the hopping groups should be equal to 
the number of PUs. First, the number of SUs in each hopping group should be determined. The overall number of 
SUs working under HS module should obviously be more than one. The number of SUs in each hopping groups 
should be an integer (Int.) and equal or more than one, as in eq.1 below: 
 
Number of SUs in each hopping groups =  
୒୭Ǥ୭୤ୗ୙ୱ
୒୭Ǥ୭୤୔୙ୱ
൒ ͳƬǤሺͳሻ 
 
There are three possibilities to be considered while determining the number of SUs in each hopping group as 
follows: 
A- There is only one PU and more than one SU: 
Since the number of PU is one, there is only one hopping group. However, the number of SUs in the 
hopping group may be determined in two ways. This is done to reduce the complexity of FL system design. 
If the number of SUs is small (i.e. < 4), all the SUs should be grouped in this alone group. If the number of 
SUs is large (i.e. ≥ 4), SUs should be divided into subgroups with equal numbers in each one. Then, these 
subgroups are one by one start sensing the band sequentially as illustrated in section 3 and 4. 
 
B- More than one PUs but the number of SUs is greater than PUs: 
As mentioned earlier, number of hopping groups is equal to number of PUs. The number of SUs in each 
hopping groups will be more than one. There are two ways to determine the number of SUs in each 
hopping groups depending on the results of eq. 1, as explained in the examples below: 
 Case I, if the quotient is an integer: 
Say for example, the number of SUs = 6 and the number of PUs = 2, then;  
୒୭Ǥ୭୤ୗ୙ୱ
୒୭Ǥ୭୤୔୙ୱ
 = 
଺
ଶ
ൌ ͵. 
Since quotient is an integer, then number of SUs in each hopping groups is three. This means that the 
overall No. of SUs should be divided into two hopping groups with three SUs in each. 
 Case II, if the quotient is not an integer: 
Say for example, the number of SUs =5 and the No. of PUs =2 then, 
୒୭Ǥ୭୤ୗ୙ୱ
୒୭Ǥ୭୤୔୙ୱ
= ହ
ଶ
ൌ ʹǤͷ. Since 
quotient is not an integer, then we add or cancel one SU in detection system as below: 
(i) Adding one SU to the system: 
The number of SUs in each hopping groups will be 
଺
ଶ
ൌ ͵, (i.e. two hopping groups with three 
SUs in each). 
(ii) Cancelling one SU from the system: 
The number of SUs in each hopping groups will be  
ସ
ଶ
ൌ ʹ, (i.e. two hopping groups with two 
SUs in each). 
 
C- Number of PUs are equal to the number of SUs: 
The number of hopping groups is equal to the number of PUs as mentioned earlier and contains only one 
SU in each group. However, with only one SU in a group, no hopping is possible. Therefore to make 
cooperatively sensing, we ask the SUs in all the groups to sequentially check all the PUs. 
3. System Description 
To understand and prove the first possibility (section 2-A) mentioned previously, a fuzzy based approach is 
proposed to define the probability of PU presence (pPU) of nine unlicensed users (SUs) in a context characterized by 
uncertain and incomplete information about one PU. Return to eq. 1 and possibility A, the first way is to put all the 
nine SUs in one group, so that, the number of antecedents (inputs) to FL system are equal nine. When using only 
three membership function (MBFs) (i.e. low, medium and high) to define the power levels measured by the 
detectors, the number of rules will be 93 = 729. So, it is very complicated design and impractical to achieve. The 
second way is to divide the SUs into three groups, each one has three SUs. So that, each group (i.e. three SUs) starts 
sensing whether the PU band is idle or not. The individual nodes, report their decisions to a fusion centre that 
combines the decisions with some rule (OR, AND or Majority Combining). The reporting of only the decisions 
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instead of the individual measurements requires less signalling. The general combining rule for CSS is “m out of N 
rule” that can be presented as [9]: 
 ൌ෍୬
୒
୬ୀଵ
൒ ǣ 
൏ ǣ  ሺʹሻ 
where Dn is the decision of the nth cooperative CR nodes (i.e., 1 or 0 denoting signal presence or absence), N is the 
total number of the cooperative nodes, and m is the number of users that is set as a threshold. OR, AND and 
Majority Combining Rules are obtained from eq. 2 by setting m = 1, m = N, or m = N/2 corresponding to the cases 
that PU is declared presence if one node, all nodes, or most of the nodes detect the PU. In our design N=3 and 
m=N/2. To test the feasibility of FL for the mathematical CSS combining schemes given in eq. 2, a simple fuzzy 
decision making algorithm for decision fusion for the simple case of three cooperative CR nodes was designed. The 
fuzzy combining scheme is constructed using basic methods in fuzzy reasoning and defuzziﬁcation. This scheme 
takes as an input the decisions from the individual cooperative CR nodes and produces as an output the combined 
sensing result, i.e., PU presence or absence. The developed FS includes three inputs with three MBFs for each and 
one output with three MBFs. The names of the input MBFs describing the strength of the individual sensing nodes 
decisions are LOW, MEDIUM, and HIGH indicate the likelihood of the presence of PU signal in each node. The 
names of the output MBFs describing the strength of the combined sensing result are also LOW, MEDIUM, and 
HIGH indicate the combined likelihood of the percentage ratio of overall presence of PU signal. An independent and 
identically distributed (i.i.d) lognormal Rayleigh fading channel with Additive White Gaussian Noise (AWGN) 
channel between the PU and SUs is assumed. Each SU conducts energy detector and transmits the received signal 
power in perfect control channel to a fusion centre. Based on combination of the sensing results from different SU 
nodes, the fusion centre makes the final decision regarding the presence or absence of the PU. 
If the presence and the absence of a primary signal denoted by hypotheses H0 and H1 respectively, and Px[k] for  x 
=1,2,…,X  represents the received signal power of  xth SU at time instant k, then the received signal power by xth SU 
is as follows: 
 
୬ሾሿ ൌ ෍ ሺሾݔሿሻଶ
ଡ଼
ሺ͵ሻ 
Then     H0  : Y [x] = N[x]                            signal absent                                                                                             (4) 
H1   : Y [x] = X[x] H[x] + N[x]                     signal present                                                                                           (5) 
 
where N[x] is the additive white Gaussian noise, X[x] is PU signal, and H[x] denotes the gain of the channel 
between the unique PU and the xth SU [15]. The 27 combinations rules are represented in Table 1. While the 
baseline decision making system could be implemented with simple IF THEN ELSE rules without FL, the real 
benefits of using fuzzy decision making come from the flexibility to further tune the system as described above. 
Table1. Rule base to determine the probability of PU presents ( pPU) from combination results. 
Rule number ppu at SUn ppu at SUn+1 ppu at SUn+2 Combination 
Results 
1 LOW LOW LOW LOW 
2 LOW LOW MEDIUM LOW 
3 LOW LOW HIGH MEDIUM 
4 LOW MEDIUM LOW LOW 
5 LOW MEDIUM MEDIUM MEDIUM 
6 LOW MEDIUM HIGH MEDIUM 
7 LOW HIGH LOW MEDIUM 
8 LOW HIGH MEDIUM MEDIUM 
9 LOW HIGH HIGH HIGH 
10 MEDIUM LOW LOW LOW 
11 MEDIUM LOW MEDIUM MEDIUM 
12 MEDIUM LOW HIGH MEDIUM 
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Fig. 1. Simulation block for one PU and nine SUs. 
13 MEDIUM MEDIUM LOW MEDIUM 
14 MEDIUM MEDIUM MEDIUM MEDIUM 
15 MEDIUM MEDIUM HIGH HIGH 
16 MEDIUM HIGH LOW MEDIUM 
17 MEDIUM HIGH MEDIUM HIGH 
18 MEDIUM HIGH HIGH HIGH 
19 HIGH LOW LOW MEDIUM 
20 HIGH LOW MEDIUM MEDIUM 
21 HIGH LOW HIGH HIGH 
22 HIGH MEDIUM LOW MEDIUM 
23 HIGH MEDIUM MEDIUM HIGH 
24 HIGH MEDIUM HIGH HIGH 
25 HIGH HIGH LOW HIGH 
26 HIGH HIGH MEDIUM HIGH 
27 HIGH HIGH HIGH HIGH 
4. The Model and The Hopping Patterns 
A transmitted signal that simulated here is suffering from the effect of Rayleigh Fading channels. To determine the 
power of this noisy signal, it is fed to nine spatially diverged SU nodes. To overcome the hidden node problem, 
these nine SU nodes try to arrange their works using HS module. Three of them serially combined together in one 
hopping group and focus on the PU at a time, then take the decision cooperatively and send their information to the 
fusion centre as in Fig. 1. The effect of distance has been incorporated by adding extra noise block. 
The benefit of adding the proposed HS module before FLS becomes more prominent when the SU nodes are 
randomly spaced around the PU and all or some of the SUs / PU are in random motion as shown in Fig. 2. 
To implement the HS module, two hopping methods are proposed ــ Random Hopping (RA-H) and Sequential 
Hopping (SE-H). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.1. Random hopping (RA-H) 
In this scheme three numbers are randomly selected between 1 to K, where K is the number of SU nodes (nine in our 
design). These three SU nodes will now sense the channel for PU presence and send the information to the fusion 
centre. Again three numbers are randomly selected between 1 to K, however a one of these may be the same to one 
of the three SUs. This process will continue till the nine SUs have checked the channel for PU presence as shown in 
Table 2. 
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4.2. Sequential hopping (SE-H) 
Three SUs in sequence are randomly selected among 1 to K also. These three SU nodes will now sense the channel 
for PU presence and send the information to the fusion centre. In 2nd step, the same process is repeated with a 
different sequence as shown in Table 3. It is seen that, two of the SUs that already contribute in 1st step will remain 
in sensing process and only one new SU will assist them in this new step and so on. So, in every step, three SUs will 
cooperate to verify CSS. 
For more reliability, we should wait till the 9th step is complete i.e. all the nine SUs have gone through checking the 
PU. But if there is any problem of time delay and the decision making must be fast, we can stop the hopping 
sequence and getting the results after any step but, this will affect the accuracy of the calculations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5. Results and Discussion 
If the power levels of at least two SUs are exceeding the threshold value of 50%, the pPU will become high as shown 
in the decision surface of Fig. 3. The overall percentage probability based on FLS for many states of input power 
values that determined by three SU detectors after applying eq. 6 and eq. 7 for (SE-H) is illustrated in Table 4. This 
determined power is normalized to convert it to a probability of presence from 0-1. It is clearly seen that, the 
maximum values of (Over all % pPU) occurs at n= 5 (i.e. SU5, SU6, SU7), and the minimum value occurs at n=8 (i.e. 
SU8, SU9, SU1). 
    Step Number 
 
 
SU number between 
1-9 chosen to 
sense the band 
1 2 3 4 5 6 7 8 9 
4 7 8 2 4 1 1 9 8 
2 5 6 5 7 3 8 5 4 
1 3 9 6 8 9 5 4 3 
    Step Number  
 
 
SU number between 
1 to 9 chosen to 
sense the band 
1 2 3 4 5 6 7 8 9 10 
1 2 3 4 5 6 7 8 9 1 
2 3 4 5 6 7 8 9 1 2 
3 4 5 6 7 8 9 1 2 3 
Table 2. Example of (RA-H). 
Fig. 2. Wireless Network with 9 SUs randomly spaced, three mobile SUs (SU7, SU2, SU8) and one mobile PU its motion between P1 and P2 
Table 3. Example of (SE-H). 
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Fig. 4. pPU with SNR for three state; Using HS module with mobile 
SUs, Using HS module with stationary SUs, and  HS module not used 
ୟ୴୥ଷ୪ ൌ
σ ୧୪୧ଷ୧ୀଵ
σ ୧୪
ଷ
୧ୀଵ
ሺ͸ሻ 
For our case 27 rules are applied in FLS. Where L = 1, 2,……., 27 and Clavg3 is defined in eq. 6 in which wil is the 
number of experts choosing linguistic label (i) for the consequence of rule l and Ci is the centroid of the ith 
consequence set (i = 1, 2, 3 ; L = 1, 2, ……., 27). For every input (x1, x2, x3) the output yFLS(x1, x2, x3) of the 
designed system is computed as [13]: 
 
୊୐ୗ ൌ ሺͳǢ ʹǢ ͵ሻ
σ
	ଵ୪ ሺͳሻ	ଶ୪ ሺʹሻ	ଷ୪ ሺ͵ሻୟ୴୥ଷ୪ଶ଻୪ୀଵ
σ
	ଵ୪ ሺͳሻ	ଶ୪ ሺʹሻ	ଷ୪ ሺ͵ሻଶ଻୪ୀଵ
ሺ͹ሻ 
 
Table 4. The overall percentage probability of PU presence based on FL 
system from different illustrative power values determined at three SUs. 
 
 
The pPU is shown in Fig. 4 for three possible states vs. different values of SNR in dB: 
 Using HS module with mobile SUs 
 Using HS module with stationary SUs 
 HS module not used 
It is seen that when SNR increases the pPU increases too when using HS module. As an example, at -5dB SNR, it 
becomes 97% when ‘using HS module with mobile SU’ instead of 72% when ‘HS module not used’. From Fig. 5 it 
can be seen that pPU increases with the number of iteration steps and attains the maximum value when all steps are 
completed. It is between 46% and 99.8% at 1st step and 9th step respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Value 
of (n) 
ppu at SUn ppu at SUn+1 ppu at SUn+2 Overall % 
of ppu 
1 0.886 0.343 0.741 64.0 
2 0.343 0.741 0.271 50.6 
3 0.741 0.271 0.946 56.4 
4 0.271 0.946 0.958 57.2 
5 0.946 0.958 0.693 81.0 
6 0.958 0.693 0.102 50.0 
7 0.693 0.102 0.114 23.7 
8 0.102 0.114 (0.886) SU1 value 21.5 
9 0.114 (0.886) SU1 value (0.343) SU2 value 49.4 
Fig. 3. D.S. for FLS1: pPU with power values for two SUs 
Fig. 5. The value of pPU with number of iteration steps  
 pPU at SU1                                 pPU at SU2 
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         Using HS module with stationary SUs 
         HS module not used 
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6. Conclusion 
Developing a FL system to obtain the information about spectrum availability of one PU has been done in this 
article. A spectrum sensing policy for coordinating the cooperative sensing is proposed based on FLS at the 
detectors. Nine SU nodes cooperatively detect the presence of one PU to alleviate the effects of channel fading by 
using a proposed Hopping Sequence (HS) module. There are two hopping sequences proposed, a Random Hopping 
(RA-H) & a Sequential Hopping (SE-H). The simulation results show that the probability of detection was enhanced 
over conventional cooperative sensing without using the proposed HS module. 
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